Four KB carcinoma cell lines selected independently for resistance to either colchicine, adriamycin, or vinblastine were studied. All cell lines showed high levels of resistance to the selecting drug and cross-resistance to the other drugs and to actinomycin D. Double-minute chromosomes could be identified on chromosomal spreads of these multidrugresistant KB cell lines. Amplification of specific DNA sequences was demonstrated by using the technique of in-gel renaturation. All the cell lines share common amplified sequences.
The development of resistance to multiple drugs is a common clinical problem in the treatment of various cancers. To study this problem, workers in several laboratories have used increasing concentrations of a single agent to select cell lines resistant to several drugs (1) (2) (3) (4) (5) (6) (7) (8) . Although the precise mechanism of multiple drug resistance is unknown, decreased drug accumulation, increased efflux, and altered metabolism, or a combination of these have all been proposed. One means by which cells can become drug resistant is by specific gene amplification; this phenomenon has already been demonstrated in a number of systems with acquired resistance to a single drug (9) (10) (11) (12) (13) (14) . Double-minute chromosomes and homogeneously staining regions are thought to be cytogenetic manifestations of the phenomenon of gene amplification (12, (15) (16) (17) . Several approaches have been used to identify amplified sequences in drug-resistant cell lines. The most sensitive of these appears to be that of DNA renaturation in agarose gels as described by Roninson (19) . With this technique, amplification of specific sequences has been shown to correlate with multidrug resistance in Chinese hamster cells (20) .
We have described elsewhere the isolation, genetic characterization, and biochemical analysis of four mutants of the human KB carcinoma cell line obtained by successive singlestep selection with colchicine (21) (22) (23) . The resistance of these cells has been increased further and, in addition, we have isolated two additional cell lines exhibiting pleiotropic drug resistance by selection with adriamycin or vinblastine. In the present study, we show that these independently selected cell lines have amplified >100 kilobases (kb) of DNA. Some of the amplified regions are common to all the cell lines, while others are cell-line specific.
MATERIALS AND METHODS Materials. Deoxycytidine 5'-triphosphate, tetra(triethylammonium) salt, [a-32P] (specific activity, 3000 Ci/mmol; 1 Ci = 37 GBq) in 0.01 M N-Tris[hydroxymethyl]methylglycine was obtained from New England Nuclear. T4 DNA polymerase, restriction enzymes, and competent Escherichia coli HB 101 were purchased from Bethesda Research Laboratories. Formamide was a Fluka product. Nuclease S1 was obtained from Sigma. T4 DNA ligase was a Pharmacia product. P-L Biochemicals was the source of pUC-13 digested with HindIII and treated with bacterial alkaline phosphatase. All other reagents were of the highest purity available.
Cell Lines and Cell Culture. Details of the isolation and characterization of the various cell lines used are described elsewhere (21) (22) (23) . Briefly, KB 3-1, the parent cell line, was derived from a single clone of human KB carcinoma cells after two subclonings. Ethyl methanesulfonate was used to enhance the mutation rate in the first two steps of isolation when colchicine was the selecting agent and in the first step only when adriamycin or vinblastine was the selecting agent. After the initial steps, the most cross-resistant lines, as mass populations, were subjected to stepwise increases in the concentrations of the selecting drugs until the time of harvesting. The revertant cell line used in these studies was a spontaneous revertant of the colchicine-resistant mutant that was isolated and subcloned twice in the absence ofcolchicine and has been carried in colchicine-free medium. Relative resistance was determined by measuring the amount of drug that reduced the cloning efficiency of the cells to 10% of the value in the absence of drug (LD10) and dividing the LD10 of the resistant cells by the LD10 of the parental cells. Details of this assay have been described (21, 22) .
Cytogenetic Studies. After subculture, cells were grown for 48-72 hr, at which time metaphase arrest was initiated by the addition of coichicine (0.2 pAg/ml; 3.3 ug/ml for the cell line selected in colchicine), and the incubation continued for 1 hr. Chromosome preparations were made according to the airdrying technique of Tjio and Whang (24) . Both conventional Giemsa stain and trypsin Giemsa banding (25) were performed.
DNA Extraction and Restriction Enzyme Digestion. DNA extracted from the various cell lines was treated with ribonuclease, spooled, and digested with 10 units of enzyme per pug of DNA at 370C for 8 hr under conditions recommended by the manufacturer. After extractions with phenol and chloroform, and ethanol precipitation, the DNA was resuspended in 10 mM Tris, pH 7.5/1 mM EDTA (TE buffer) and the concentration was determined spectrophotometrically at 260 nm. A 13-cm gel was run to confirm the completeness of the digestion and to compare quantities before the in-gel renaturation experiment.
Abbreviation: kb, kilobase(s).
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Proc. Natl. Acad. Sci. USA 82 (1985) In-Gel Rehaturatdon. By using the restricted DNA, in-gel renaturation experiments were performed as described by Roninson et al. (19, 20 10 Aug of "driver" DNA and 15 x 106 cpm of "tracer" in 500 ng of DNA restricted and labeled as described above. The wells were 9 x 1.5 x 3 mm, and the DNA was loaded in a vol of 14-16 ul. Electrophoresis was carried out for 22-24 hr at 80 V with recirculation of the buffer until the 2.3 kb HindflI fragment of X phage was at the midpoint of the gel. The gel slab was cut to 35 cm in length and subjected to two cycles of in-gel denaturation/renaturation and nuclease S1 digestion. Afl steps were carried out in a warm room (370C) with the gel in a box 37 cm long, on a rocker (50 times per min); nevertheless, the solutions had a temperature of 34WC when directly measured. The volume used for washes was 600 ml. Equilibrations were performed by changing the buffer five times at 15-min intervals. The DNA fragments in the gel were initially denatured in 0.5 M NaORI/0.6 M NaCl, with 0.004% thymol blue as indicator. Two 600-ml washes (30 min each) were performed. Neutralization was then carried out by equilibrating the gel with hybridization buffer. The composition of the hybridization buffer Was 0.9 M sodium chloride/0.5 mM EDTA/50% formamide/0.05 M sodium phosphate, pH 7.0. The buffer was changed five times at 15-min intervals during which time the gel color changed from blue (alkaline) to yellow (neutral). If the gel was not poured on a level surface, the thicker areas did not equilibrate in this time. Next, the gel was incubated for 2 hr in 600 ml of hybridization buffer to allow renaturation to occur. Then the gel was equilibrated for S1 nuclease digestion with 0.2 M sodium chloride/50 mM sodium acetate, pH 4.55/1 mM zinc sulfate. Again, the buffer was changed five times at 15-min intervals. Nuclease S1 digestion was performed by adding 45,000 units of enzyme in 600 ml of buffer, for a fihal solution/gel concentration of 50 units/ml, and incubating for 2 hr. Longer incubations or the addition of fresh S1 nuclease at 1 hr did not change the results. The DNA was then again denatured as described above. After equilibration with hybridization buffer, the second hybridization was carried out overnight. The following morning, another cycle of S1 nuclease digestion was carried out, followed by five changes with 3x NaCl/Cit (ix NaCI/Cit = 0.15 M NaCl/0.015 M Na citrate)/0. i% NaDodSO4 over a 3-hr period. The visualized. This is particularly true for the larger fragments, which were seen in many of our renaturation experiments although they were the most difficult to visualize. For example, the largest band in the lane labeled Com is seen in Fig. 3 in the Vb lane and the Ad lane, but not in the C4 lanes; however, these bands are seen in Fig. 4 Fig. 4 shows the autoradiograph of a mixed renaturation experiment. The various combinations of unlabeled carrier DNA and radiolabeled tracer DNA are described in the legend. In this experiment, tracer (Tr) amounts of labeled DNA from one cell line were mixed with unlabeled driver (Dr) DNA from a different cell line. This type ofanalysis helps to emphasize the sequences that are amplified in common among the drugresistant lines. It is evident that the three cell lines have amplified some sequences in common, but some differences are evident as well. In comparing any two cell lines, the intensity of the bands varies depending on the source of the DNA, especially the tracer DNA. In addition, some bands that are specific to the cell line selected in vinblastine can be seen when vinblastine DNA is the source of the tracer DNA. Examples of this are seen in bands between the 6.6-kb and 9.5-kb HindIII fragments of phage X and represent sequences unique to the cell line selected in vinblastine whose renaturation has been "driven" by the tracer DNA.
To examine further the amplified bands demonstrated by the in-gel renaturation experiments, repeated sequences from the cell line selected in vinblastine were cloned as described.
A 3-cm strip of gel identified by the 4.5-kb HindIII fragment of X phage (shown in Fig. 3 by vertical lines on either side of lane Vb) was used to isolate the repeated sequences. Plasmid DNA was isolated from resistant bacteria by miniscale extraction and digested with several restriction enzymes to identify plasmids with identical inserts. Clones that gave similar restriction patterns were assumed to be derived from the same region of amplified DNA. Of the 260 colonies in a number of systems with acquired drug resistance to a single drug (9) (10) (11) (12) (13) (14) . It is suspected in various models of pleiotropic drug resistance, but it has only been shown in Chinese hamster cell lines (20) . Our findings document gene amplification associated with multiple drug resistance in human cell lines.
The finding of double-minute chromosomes in our multiple drug-resistant cell lines, but not in the revertant, suggests that the amplified sequences are located in these double-minute chromosomes. Previous studies in some systems with acquired resistance to a single drug have localized amplified sequences to double-minute chromosomes and to homogeneously staining regions with radiolabeled probes (26) . We found the multiple drug-resistance phenotype in KB cells to be unstable with loss of resistance when the cells were maintained in drug-free medium. For example, the cell line selected with colchicine, which was selected in several steps and from which the revertant line shown was obtained, gradually lost its high level of resistance when maintained in a drug-free medium for a few months. In the absence of selective pressure, reversion to a lower more stable level of resistance occurred. Our revertant cell line, KB-Cl-Ri was cloned from such a revertant population.
Rapid loss ofresistance in the absence of selective pressure has been shown previously for various cell lines in which double-minute chromosomes are present, and it is the probable explanation for our results (12, (15) (16) (17) (18) ). Stabilization at a low level of resistance may indicate that more than one mechanism is responsible for the multiple drug-resistance phenotype. Another explanation is that a lower copy number of the amplified gene(s) remains stably integrated in the chromosome, as has been suggested by others. A third possibility is that the early steps represent a regulatory change with a gene "turn on," while gene amplification The size of the amplified unit in our cell lines exceeds 100 kb, as determined from addition of the restriction fragments generated. This result is similar to those previously determined (11, 13) , but it may be an underestimate, as discussed below. The amplified domains in these independently selected cell lines are similar but are not identical, as shown by our mixed renaturation studies. Some amplified sequences are shared by all cell lines. This is strong evidence for the importance of these regions in acquisition of the multiple drug-resistance phenotype and establishes the value of these lines as models for this phenomenon in a human system. The presence of differences among the cell lines may simply be a result of variability in the extent of "co-amplification" of regions upstream and downstream from the selected genes. Alternatively, it is possible that more than one gene is involved in the development of the multiple drug-resistance phenotype and that the cell lines have amplified one gene in common but differ in the selection of other genes. It is also possible, although unlikely, that in one of the cell lines a DNA segment not related to drug resistance has been amplified.
Although one can estimate the size ofthe amplified unit from the sum of the restriction fragments generated, there are limitations to the present technique. In our hands, the sensitivity ofthe in-gel renaturation technique was such that a minimum of 30-75 copies of each sequence was needed for detection. This value was obtained by using a model system with HindIlldigested X phage as described by Roninson (data not shown) (19) . Some models of gene amplification propose that heterogeneity may result in differential amplification of various regions (27, 28) . It is thus possible that some amplified areas may not be detected by the current technique, resulting in an underestimation of the size of the amplified unit(s).
Our interpretation that the in-gel renaturation experiments indicate that all the resistant cell lines share common amplified sequences was confirmed by the isolation of a DNA fragment from the cell line selected in vinblastine that demonstrates amplification of the same fragment in the three cell lines tested with loss of the amplified sequences in the revertant line. Our conclusion that each cell line has additional specific sequences amplified was confirmed by our finding a DNA fragment that detects amplified sequences only in the cell line selected with vinblastine, from which it was obtained.
In summary, we have demonstrated the presence ofamplified sequences in four independently isolated cell lines exhibiting resistance to multiple drugs. Some amplified sequences are shared by all the cell lines, indicating the importance of these regions in acquisition of the multiple drug-resistance phenotype. Our current efforts are to use the in-gel renaturation technique to obtain specific human probes, which may help us to identify the gene(s) and gene product(s) responsible for the multiple drug-resistance phenotype and provide information to aid cancer chemotherapy in the future.
